We have examined, in liver and extrahepatic tissues, the effects of fasting on total insulin-like growth factor I (IGF-I) mRNA levels, on levels of different IGF-I mRNAs generated by alternative splicing of the primary IGF-I transcript, and on IGF-I receptor binding and mRNA levels. A 48-h fast decreased total IGF-I mRNA levels by 80% in lung and liver, -60% in kidney and muscle, and only 3040% in stomach, brain, and testes. In heart, IGF-I mRNA levels did not change. The levels of the different splicing variants, however, were essentially coordinately regulated within a given tissue. Specific '25I-IGF-I binding in lung, testes, stomach, kidney, and heart was increased by fasting by 30-100%, whereas in brain 125I-IGF-I binding did not change in response to fasting.
Introduction
Insulin-like growth factor I (IGF-I)'/somatomedin-C is a mitogenic polypeptide structurally related to insulin. Sequence analyses of mature IGF-I peptide purified from plasma demonstrated that mature IGF-I, like insulin, contains B, C, and A domains, but that, unlike proinsulin, a carboxy-terminal D domain is present as well (1) . Elucidation of IGF-I cDNA sequences confirmed the peptide sequence and also predicted the presence in IGF-I prohormone of an additional E domain which is a carboxy-terminal extension of the D domain (24) . Presumably, the peptide that is translated from this region, the E-peptide, is cleaved during the processing of IGF-I prohormone into mature IGF-I peptide.
Determination ofthe sequences of rat IGF-I cDNAs and of the partial organization ofthe rat IGF-I gene has demonstrated that multiple species of IGF-I mRNA are generated by alternative splicing of the primary IGF-I transcript (4) (5) (6) . These mRNAs contain one of at least three alternative 5'-untranslated regions that are expressed in a tissue-specific manner and are differentially regulated by growth hormone (GH) (5, 7, 8) . The physiological significance of these different 5'-untranslated regions is not known, but sequence analyses of these regions suggested that they may encode alternative, extended signal peptides and that at least one of them may be subject to translational control (5) . In addition to this heterogeneity in the 5'-untranslated region, alternative splicing also results in heterogeneity in the region encoding the E-peptide of IGF-I prohormone in that a 52-base insert is either present or absent in IGF-I mRNAs resulting in the generation of alternative E-peptides (4) . Again, the physiological role of these E-peptides either as part of the prohormone or as free E-peptides is not yet known.
IGF-I, through its interaction with specific IGF-I receptors, mediates many of the growth-promoting effects of GH, and GH is one of the primary regulators ofplasma IGF-I levels (9) . The nutritional status of an animal also appears to regulate plasma IGF-I levels in that fasting as well as a diet deficient in energy and/or protein result in decreased plasma IGF-I levels (for review see references 10 and 1 1). The mechanism for the reduction in plasma IGF-I levels in response to alterations in diet has not been fully elucidated, but nutritional alterations in the rat typically result in a slight decrease in serum GH levels (12, 13) . More importantly, however, fasting decreases hepatic GH binding (1 1) , and the response of plasma IGF-I concentrations to GH injection is blunted in protein-malnourished and fasted rats as compared with fed controls (10, 14) , suggesting that such nutritional alterations can result in a GH-resistant state.
Hepatic production of IGF-I appears to account for the majority of circulating IGF-I (15), and a recent study has demonstrated decreased IGF-I mRNA levels in livers obtained from fasted as opposed to fed rats (16). IGF-I is also produced, however, in extrahepatic tissues (17) , where, in addition to apparently being involved in tissue repair and regeneration (18) (19) (20) , it may also serve specialized functions (21) (22) (23) (24) . This suggests that the regulation of IGF-I production in different tissues may be under differential control.
In this study we have evaluated the nutritional regulation of total IGF-I mRNA levels in liver and extrahepatic tissues to determine if the regulation of IGF-I mRNA levels is coordinate or discoordinate in different tissues. Furthermore, we have examined the nutritional regulation of the levels of the splicing variants of the rat IGF-I gene. Finally, since IGF-I action is mediated by the interaction of IGF-I with the IGF-I receptor, we have also examined the effect of fasting on IGF-I binding and on the levels of mRNA encoding the IGF-I receptor.
Methods
Preparation ofRNA. Male Sprague-Dawley rats were either fasted for 48 h, fed ad lib. for 48 h, or fasted for 48 h and then refed for 24 h. All groups were allowed free access to water during the course ofthe study. At the end of the study period RNA was prepared from tissues of individual rats using a modification ofthe method ofCathala et al. (25) as described (26) . The RNA was quantified by determining absorbance at 260 nm. The integrity ofthe RNA and the accuracy ofthe quantitation were confirmed by comparing the ethidium bromide stain of the 28S and 18S ribosomal RNA bands after size-separating 15 Mg of total RNA by agarose gel electrophoresis, which was performed as described previously (26) .
Hybridization probes. For hybridization to Northern blots, a 700-bp human IGF-I receptor cDNA (kindly provided by Dr. Axel Ullrich, Genentech Corp, South San Francisco, CA) that contained 35 bp of 5'-untranslated region and 665 bp of coding region was used (27).
For the solution hybridization/RNase protection assays used to determine IGF-I mRNA levels, two different riboprobe vectors that have been described previously were used (8, 28) . Briefly, one construct contained a 322-bp IGF-I cDNA that included 98 bp ofthe class A 5'-untranslated region and 224 bp ofcoding region corresponding to the pre, B, C, and part ofthe A domains (8) . Antisense RNAs generated from this construct allow the simultaneous detection of IGF-I mRNAs with the three previously described 5'-untranslated regions (arbitrarily termed class A, B, and C 5'-untranslated regions) known to be present in IGF-I mRNAs (8) . The other construct contained a 376-bp IGF-I cDNA containing sequences encoding part of the A domain, the entire D and E domains (including the 52-bp insert present in some IGF-I mRNAs), and part of the 3'-untranslated region. Antisense RNAs generated from this linearized construction permit the simultaneous detection of IGF-I mRNAs without (IGF-Ia) and with (IGF-Ib) the 52-base insert (28) . For determination of IGF-I receptor mRNA levels by the solution hybridization/RNase protection assay, a 575-bp rat IGF-I receptor cDNA isolated from a rat granulosa cell cDNA library (Werner, H., manuscript in preparation) was used. This cDNA was ligated into a pGEM-3 vector. The orientation of the cDNA in the vector was determined by sequencing, and the vector was linearized with Hind III to allow for the generation of IGF-I receptor antisense RNAs with T7 RNA polymerase.
Solution hybridizationiRNase protection assay. Protection assays were performed as previously described (8) . Briefly, labeled IGF-I and IGF-I receptor antisense RNAs were synthesized from the constructions described above using [a32P]UTP. 20 ug of total RNA was hybridized with -200,000 cpm of labeled antisense RNA for -16 h at 45°C in 75% formamide/400 mM NaCl. After hybridization the mixture was added to RNase digestion buffer containing 40 Mg/ml RNase A (Sigma Chemical Co., St. Louis, MO) and 2 Mg/ml RNase Tl (Pharmacia Fine Chemicals, Piscataway, NJ) and incubated for 1 h at 300C. Protected hybrids were isolated by ethanol precipitation and size-separated on an 8% polyacrylamide/8 M urea denaturing gel. Quantification of the RNA bands was performed with an ultrascan laser densitometer (LKB Instruments, Inc., Gaithersburg, MD) coupled to an AT&T computer, or a scanning densitometer (model GS300; Hoefer Scientific Instruments, San Francisco, CA).
RNA gel electrophoresis and Northern blot analysis. Total RNA was size-separated by agarose gel electrophoresis and transferred and fixed to a nylon membrane (Gene Screen; New England Nuclear, Boston, MA) as described (26) . The IGF-I receptor cDNA probes were labeled using a modification of the random priming technique (29) as described previously (26) to a sp act of 5-9 X 108 cpm/,ug DNA. Hybridizations were performed as described previously (26 The final '25I-IGF-I concentration was -0.15 ng/ml. Membranebound and free '251I-IGF-I were separated by centrifugation at 12,000 g for 10 min and aspirating the supernatants. Membrane pellets were washed once with 200 Ml ice-cold Ca2+-free KRP, pH 7.8, and the tips ofthe centrifuge tubes were excised. '25I-Radioactivity was determined in a gamma counter. Nonspecific binding was defined as the counts of '251-IGF-I remaining associated with membranes in the presence of 1 ,ug/ml unlabeled IGF-I, and was subtracted from total binding to yield specific binding. Data from competition/inhibition experiments were analyzed according to the method of Scatchard (32) to determine binding affinities (Kd) and receptor concentrations (RO). Degradation of '251-IGF-I in the binding assays was assessed as the TCA precipitability of aliquots of the supernatants from binding assays.
Statistical analysis. The significance ofdifferences was determined using analysis of variance. For comparison of IGF-I receptor mRNA levels, analysis of variance was performed on logarithmic transformations of densitometric data.
Results
Total IGF-I mRNA levels in the tissues from rats fasted for 48 h or fed ad lib. were determined using a solution hybridization/RNase protection assay. The relative change in IGF-I mRNA levels in fasted as compared with fed animals is depicted in Fig. 1 . Consistent with a previous report (16), IGF-I mRNA levels decreased markedly in the liver. In addition, in lung IGF-I mRNA levels also decreased by -80% in response to fasting. In muscle and kidney the response ofIGF-I mRNAs to fasting was intermediate with levels decreasing to -40% of control levels. In stomach, testes, and brain, on the other hand, IGF-I mRNA levels decreased by only -30-40% in response to fasting. In heart the levels of IGF-I mRNA in the fasted and fed animals were essentially identical. In lung and liver refeeding for 24 h resulted in a -2.5-fold increase in IGF-I mRNA levels over fasting levels (data not shown). In muscle, kidney, stomach, and testes refeeding increased IGF-I mRNA levels -1.4-to 1.5-fold over fasting levels, while in heart and brain, refeeding did not affect IGF-I mRNA levels (data not shown).
These data demonstrate that the response of IGF-I mRNA levels to fasting is quantitatively different in different tissues.
Solution hybridization/RNase protection assays in which Relative IGF-I mRNA levels in tissues from fasted and fed rats. IGF-I mRNA levels in tissues from the fasted (solid bars) and fed (hatched bars) rats were determined using a solution hybridization/RNase protection assay. For each tissue the assay was performed with the two different IGF-I antisense RNAs described in Methods, one that detects IGF-I mRNAs with the different 5'-untranslated regions and one that detects IGF-I mRNAs with and without the 52-base insert in the region encoding the E-peptide. Total IGF-I mRNA levels within a given tissue were determined by combining the contribution of the different protected bands within that tissue. The values shown represent the relative IGF-I mRNA levels in fasted as compared with fed tissue. In each case the level of IGF-I mRNA in the fed tissue was adjusted to 1.0 and the level in the fasted tissue was normalized accordingly. The values do not reflect, therefore, tissue to tissue differences in IGF-I mRNA levels. The value for each tissue represents the mean of the value in three different RNA preparations prepared from three different animals. *, P < 0.005; **, P < 0.0025; ++, P < 0.025.
an antisense RNA complementary to the class A 5'-untranslated region and coding region was used allowed for the simultaneous quantitation of the levels of IGF-I mRNAs with different 5'-untranslated regions (8) . The IGF-I mRNAs with different 5'-untranslated regions are represented as protected bands 322, 297, and 242 bases in length, corresponding to IGF-I mRNAs with the class A, B, and C 5'-untranslated regions, respectively (Fig. 2) . In most tissues in which more than one IGF-I 5'-untranslated region variant was present, the levels of these different IGF-I mRNAs appeared to be coordinately regulated by fasting ( Fig. 2 and Table I ). In lung, the levels of the IGF-I mRNA variants present also decreased with fasting, but the magnitude of change of the IGF-I mRNA with the class C 5'-untranslated region was greater than the magnitude of change of the IGF-I mRNA with the class A 5'-untranslated region.
Solution hybridization/RNase protection assays performed with an antisense RNA complementary to the region encoding a portion of the A domain, the entire D and E domains, and a portion of the 3'-untranslated region simultaneously quantitated IGF-I mRNAs without (IGF-Ia) and with (IGF-Ib) the 52-base insert (Table II) . IGF-Ib and IGF-Ia mRNAs were represented by protected bands 376 and 224 bases in length, respectively (data not shown). Consistent with previous results, IGF-Ib mRNA was present in low abundance in all tissues, but liver had proportionally more IGF-Ib mRNA than the other tissues (28) . In all of the tissues surveyed the levels of IGF-Ia and IGF-Ib mRNA were coordinately regulated by fasting, except for the liver, in which the change in the levels of IGF-Ib mRNA was much greater than the change in levels of IGF-Ia mRNA (Table II) .
Since IGF-I mediates its bioeffects through the IGF-I receptor, and IGF-I action is a function of both ligand and receptor concentration, the effect of fasting on IGF-I binding was determined as well. All tissues examined, with the exception of liver and muscle, exhibited specific '25I-IGF-I binding to crude membrane preparations (Fig. 3) . Specific '25I-IGF-I binding was highest in brain and testes, while lung, kidney, and stomach bound slightly lower levels. Specific '25I-IGF-I binding to heart membranes was -1-2% of total counts, while specific binding to skeletal muscle and liver membranes was < 1%, and '25I-IGF-I binding to these latter two tissues was not examined further. 48 h of fasting resulted in significant increases in '25I-IGF-I binding to certain tissue membranes.
Kidney, lung, stomach, and testes membranes from fasted rats bound -30-50% more IGF-I than those from fed rats. In contrast, brain membrane '251-IGF-I specific binding was not different between fed and fasted rats. Specific '25I-IGF-I binding to heart membranes, although low relative to other tissues, Values represent the mean fold difference±SEM in the particular IGF-I 5'-untranslated region-specific band in the fed as opposed to fasted rats.
Each value represents the mean difference as determined from the levels in three preparations of RNA prepared from three separate rats from each nutritional group, performed in duplicate.
did exhibit a 2.5-fold increase in fasted as compared with fed animals.
To ascribe fasting-induced increases in specific '251I-IGF-I binding to changes in receptor affinity and/or receptor number, competition/inhibition experiments were conducted ( Fig.  4 and (Table III) . In the kidney and stomach the affinity for IGF-I was similar in fasted and fed rats, suggesting that the increased binding was due to an increase in receptor number. In contrast, in the lung and testes the affinity for IGF-I was higher in fasted as opposed to fed rats, suggesting that the increase in binding to these tissues from fasted rats was due, at least in part, to an increase in receptor affinity. Of note, in both lung and testes the competition/inhibition experiments demonstrated a paradoxical increase in '25I-IGF-I binding in the presence of low concentrations ofunlabeled peptide (the so-called "hook" phenomenon) to membrane preparations from fed animals (e.g., lung in Fig.   4 ). With fasting this increase in 125I-IGF-I binding in the presence of low concentrations of unlabeled peptide essentially disappeared. In cultured cells this hook phenomenon has been ascribed to the presence of a membrane-associated IGF-binding protein (33). Ofinterest, in those previous studies the IGFbinding protein both increased '25I-IGF-I binding at low concentrations of unlabeled peptide and decreased the apparent affinity of the IGF-I receptor for IGF-I. In heart, 1251-IGF-I binding to membranes prepared from fed animals increased 65% in the presence of 1 ng/ml IGF-I (data not shown). In contrast, 125I-IGF-I binding to membranes prepared from fasted animals increased only 5% in the presence of 1 ng/ml IGF-I (data not shown). This significant hook phenomenon precluded accurate determination of the Kd and Ro for IGF-I binding to heart membranes from fed animals by Scatchard analysis of the competition/inhibition data.
The effect of fasting on the expression of IGF-I receptors was further examined by determining IGF-I receptor mRNA levels in the tissues from fed and fasted rats. Hybridization ofa 32P-labeled human IGF-I receptor cDNA to Northern blots of total RNA prepared from tissues from fed and fasted rats demonstrated a hybridizing band 11 kb in length (Fig. 5) . This band is similar to that which has been reported previously in rat tissues (27) . Similarly, when a Northern blot of total RNA from rat granulosa cells was hybridized to the 32P-labeled rat IGF-I receptor cDNA, a band 11 kb in length was seen (data not shown). To more accurately quantitate the apparent differences in IGF-I receptor mRNA levels seen in some tissues by Northern blot analysis (Fig. 5) , a 575-base rat IGF-I receptor antisense RNA was used in the solution hybridization/ RNase protection assay. Using this assay, a single protected band 575 bases in length was seen (Fig. 6) . IGF-I receptor mRNA levels were quantitated in the lung, brain, heart, kidney, testis, and stomach (Fig. 7) . In kidney, stomach, and heart fasting resulted in a -2-to 2.5-fold increase in IGF-I receptor mRNA levels. In lung IGF-I receptor mRNA levels increased 1.6-fold in response to fasting, whereas in brain and testis little to no change in IGF-I receptor mRNA levels was seen in fasted as compared with fed tissues.
Discussion
Previous studies have demonstrated that nutritional alterations result in decreased plasma IGF-I levels in rats as well as humans (10, 1 1). Consistent with the idea that the liver is the source of the majority of circulating IGF-I, fasting has been shown to decrease hepatic IOF-I mRNA levels in rats (16). In this study we have extended those results by examining the effect of fasting on the local regulation of IGF-I production as reflected by IGF-I mRNA levels in tissues from fed and fasted rats. Consistent with the previous study, fasting did decrease IGF-I mRNA levels, but the change in IGF-I mRNA levels in response to fasting was quantitatively different in different tis- sues in that marked changes in IGF-I mRNA levels were seen in the lung and liver, intermediate changes were seen in the kidney and muscle, and minimal to no change was seen in the stomach, testis, brain, and heart. Fasting also resulted in changes in '251-IGF-I binding. In those tissues in which it was measured, fasting increased this binding, reflecting alterations in IGF-I receptor number and/or affinity in fasted animals. The only exception to this was the brain, in which specific IGF-I binding did not change in response to fasting. The mechanism by which fasting causes decreased plasma IGF-I levels has not been determined. In rats, GH levels decrease in response to fasting and dietary alterations (12, 13), but in addition the administration of GH to fasted animals does not reverse the decrease in plasma IGF-I levels (14) . These and other data demonstrating decreased GH binding to livers from fasted rats (1 1) have led to the speculation that fasting induces a GH-resistant state which results in a decrease in plasma IGF-I levels (10, 11, 14) . For the following reasons, the results of this study suggest that in addition to GH, other factors are also responsible for the changes in IGF-I production during fasting. (a) A previous study has shown that IGF-I mRNA levels in the heart are GH responsive (8) ; despite that, no changes in IGF-I mRNA levels in the heart were seen in the fasted animals. (b) Fasting resulted in coordinate regulation of the expression of IGF-I mRNAs with the different 5'-untranslated regions. This pattern of regulation by fasting is different than the differential pattern of regulation seen in response to GH treatment (8) . Those factors other than GH that control IGF-I mRNA levels during fasting are yet to be elucidated, but some of these factors may be systemic factors that mediate a decrease in IGF-I mRNA levels in most tissues. In addition, however, the differences in the magnitude of the decrease of IGF-I mRNA levels in response to fasting (e.g., a 5-fold decrease in liver and lung vs. no change in heart or a 1.6-fold decrease in brain and testis) suggest that local factors may be modulating IGF-I mRNA levels as well. Also of interest in this study were the alterations in IGF-I binding induced by fasting. As noted, IGF-I binding was increased in all ofthe tissues in which it was measured, except for the brain. This is similar to the changes in insulin binding seen in fasted animals (34) . This upregulation of insulin binding is thought to be secondary to decreased plasma insulin levels, while the lack of change in brain insulin binding is apparently due to an insensitivity of brain insulin receptors to plasma insulin levels (35, 36) . IGF-I is also known to regulate IGF-I binding (37) , so the increase in IGF-I binding in tissues from fasted rats may reflect the decrease in plasma IGF-I levels seen in fasted rats, while the lack of change in brain IGF-I binding may, again in analogy to the insulin receptor system, reflect an insensitivity of brain IGF-I receptors to plasma IGF-I levels. This suggests that plasma IGF-I, in addition to locally pro- IGF-I receptor mRNA levels may be secondary to the decreased plasma IGF-I levels seen in fasted rats. Of note, the change in IGF-I mRNA and IGF-I receptor mRNA levels in the tissues from fasted and fed rats was not coordinate. This suggests that factors present in the plasma or tissues of fasted animals may regulate expression of the genes encoding IGF-I and its receptor in a discoordinate fashion. Finally, as noted, several studies have demonstrated a marked decrease in plasma IGF-I levels in rats fasted for 24-72 h (1 1). It has been suggested that this decrease in plasma IGF-I levels may be part of an adaptive mechanism by the body to shunt calories away from nonessential processes, including growth, during periods of malnutrition (38) . The measurement of greatest importance, however, within a given tissue, is IGF-I action. While local IGF-I production may, through an autocrine/paracrine action, mediate some ofthe actions ofGH (39, 40) , as well as be involved in tissue growth, repair, and regeneration (18) (19) (20) , it may also influence a spectrum of specialized cell functions. Some of these include augmenting human chorionic gonadotropin-luteinizing hormone-stimulated testosterone production by cultured testicular cells, potentiating the effects of follicle-stimulating hormone on the induction of luteinizing hormone receptors and aromatase activity in granulosa cells, stimulating proteoglycan synthesis by endothelial cells, and stimulating myoblast and adipocyte differentiation (21) (22) (23) (24) . Furthermore, a previous study has demonstrated that in perfused rat hearts a preparation of nonsuppressible insulin-like activity (which probably included IGF-I and IGF-II) was as potent as insulin in stimulating glucose uptake and lactate production, suggesting that in the heart IGF-I may mediate metabolic effects (41) . Given these specialized functions of IGF-I, IGF-I action within a given tissue may or may not be altered by fasting, depending on whether its specialized function is preserved. There is, at present, no direct measure of in vivo IGF-I action in different tissues available, but in this study two of the factors that influence IGF-I action, ligand availability, as reflected by tissue IGF-I mRNA levels, T T and receptor availability, have been measured. If the changes in tissue IGF-I mRNA levels reflect changes in tissue IGF-I peptide levels, then, taken together with the uniform increase in IGF-I binding (except in brain), the results of this study suggest that there may be differential changes in IGF-I action in various tissues during fasting.
In conclusion, the response of IGF-I and IGF-I receptor mRNA levels to fasting is quantitatively different in different tissues. Further study of the regulation of these mRNA levels, IGF-I binding, and IGF-I production in fed and fasted rats will hopefully facilitate elucidation of the role of local IGF-I production, the systemic and local factors that regulate IGF-I biosynthesis, and the regulation of IGF-I action in different tissues.
